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bn toee test sites of horeat and temperaie forests, 1 hand polanimetiie raday data eatimaie to
tal above provnd dry woody hiomas within 10 (0 30' ¢ of the aotvad biomaas values depending,
on the complexity of the lored, Pstimeies oblained using, oo polatized data only are o
Y0 Jess accurate, Over looded Toresty, wel or datnaeed Grees and sparse open tall lorests,
cirealar polanized adar data do ot provide reliable ertimates of forest biomass, hecause of
Larpe polarinetiic phase differences. Circalan polariz dion, which conld Belp mintuwize the i

itine clfect of FParaday rotation in spacehorne applic Gons, ey therelore be ol limited wee for
esliteting lorest biomass, 1o the tropical vain Torest< of Manuo b Peru, where forest biomass
vanecs o 4 ke /m? i younug foret succession up to 100 ke A i old undistubed laoodplain
stands, P hand polarimetiic data separate major veretation forrations sud also perforn bet

ter than expoected in estimating woody Biomaas, The worldvede necd for Targe scale, apdated
hionmass estimates, achieved swith o unitorady applicd neethod, Jeihes aonore inodepth explo

vation ol Tone wavelength bnsgine vada application lor tropics]l fores Goinventonies,
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1. Iutroduction

Several experimental studies demonstated that radan bhaclcattor st the fonger wavelenp the
s pasitively conrelated with tolal abhove pround diy woody biomos vp to o blomaas level ol
about 20 ke /e wt P hand hequeney (A G2 angowhere vadar baclocatter saturates (T4 HII
(horizontally reccived and transanitied) sund BV polaization [honontally received ) vortically
transmilted) provide o preater scisitivity to woody biomas than VA polanization. Nodeling,
studies [ S]suepest that Poband BN polarized vadin sipnal onvinate Trom volime seattening,
interactions with the Laper and Josveer ranclies of the Torest canopy aud are therelore strongly
correlated with hranch Domass, A HH polarization, combibution fo total vadar haclsealten
fran the trank-proand scattering 1enm eventoally excecd contribulions o hranch scattering,
HIE polatized sipuals are therelore yone heiter corvelaved vith vicn biomass, itsell @ o
laction ol total woody bioass [9 1L ANV polanzation. the radar veturns from frank,
eround interactions are more atfernated by fhe free trandes Vsoooreult, VYV polarized vadan
hackacatter inereases less rapidly with imerensing, Mo than B polaized vadar backscatien,
With a seusitivity of radars to omass fevelsup 1o 20 ke /m? i posible to map ahove pround
hiomass over grasshand, shicabland and woodland [0 1] bhorea) forests [1h], and o sienilicant
paction of temperate forests 1610 Over the world™s Torests. o 1P band vadar conld contribute
tndormation for traproving, current e-timates ol the slobal Gabon halanee by mapping stored
above pround biomass, and identily aud quantily detorestation aqd forest reprow .

For spacehorne applications of P-band Snapinge radin, the phaonomens of Faraday rolalion
adds anothee dilicalty, When & plans wave trovels thronel the Tonosphere, it splits into two
circulanly polarized waves havinge opposite senses of votabion and dificent phase velocities.
Asca result, the wave that returns leone ves yonnd ip Jonres thoueh the jonasphere has o
planc of poladization that has beew rolated pelative o it onpieal position, Fhe amonnt of
totation depends on the clectron density pofile o the Tonosphieve, the covth s mapuetic freld,

and (he square of the radar Treqoency [0 Phe masinmn kel value Tor Pavaday rotation




at 1 bhond (TO0OMH2)is 6O durin g the @ svaud G005 toieht, Nl hosnd (125 GHz) e
predicted maximum effecet is 697 rotation duving, the day and ¢ 5 cnipht, 1 hevesulting phase
and amplitude errors not o nly alfect the estimation of forcst biowa- hom the radar data hut
the processing, of the SAR data as well

o April 1991 and October 1991, the SIR C/XN S AR radains ivmment onboard the space
shuttle Bndeavom pathered the fist polarin eivicsspaceborne tadar hwaapen ol the carth athoth
Coand Lo band, Duning, the two experiments. the celibration teamoep o ted cross Lalk values
betv e<n i and N polarization consistantly helow 30 dB ot 1 haud. day and night [18]. As one
would exp et a significant amountof cross 1aIk hetv een the 10 polan zed and the N7 polarized
chianmels o the presence of Papaday votation. these preliminany e altssue eeststhatbinadoy
rotation is negligible a1 band w200 koo altitode <1 fie situation wou Id be dificrent fora
tad s o hitin g i 800 kg altitude as the wonosphienc election density ot sun spot maximum
pea ks at about 400 ki altitude 157 One technig e, cvmmrcatly nsed by Global Positioning,
Systernsatellites s to transmit il two lrequeneies (100 GHzand 1.028 Gz and commbine the
measurements to estimate ionosphenc propaeation, Sinee | aradeay rotationat 10 hand il nig i
should be sinnlar to Faraday rotation at Lo bhand docing the doae, s vilon correetion techiiques
could probably he de veloped for operatin g, o P- bhand vadar il loearpolaization il night,

One alternative solution is tooperate the vadan svstem st curcular polavization as circalar
polarized viaday signals are Jess sensitive to Paraday rotation. To vest that approach, we com
pared predicted biomass values Trorn the padar st hoth Jinear awd (itoulan polarizations using,
the polarimetric radar dato cgatlocred I the NASAZIL ATRS VUdis roment ONCL severalfor
estsites where estinates of forest bionass fuive heer obitained. Hoce ex amples ave considered
lram both temypser ate and hor cal forests. W'e also compare amass estimates utilizing n\
polarized hackseat ter to those utitizing, several poli vization: (o determine the add ed value of
polarimetnic information Tor mea~uring forest biomass, Finoodly, we examine the potential of

17 hand polarimetvicradars to chimractedize thie distiboiion in foreat Gy pes and incabove gronnd




hiomass of ropica rain fores s Cvistine qopical foreitsare arpe pool of stored -arhon and

play an fmportan role in he shor term global carhon cycle 3 fiey are a challenge 1o
remote sensing studies ecanse of hotle he high v Hation in o |3 under of enuniforin,
closed canopies with Bigh leal avea indices [200and the lack of gronnd trath information due to

(hein aerial extent and diflicult accessibility in many regions. Hereowe studied the retiieval ol

above pround biomassin the tropicasl Fain forest ol the Mano National Park,in Peragwhich was

imaced by the NASAZIPL AIRSAR fnstroment i June 1993, The radar results are compared

{0 estimates of ahove ground biomass obtained Lo catple oot placed nosevera Tare ypes

and successional 5 ages

2. Aivhorne data and ground trotr estnnates

Tl e fomr examples of forest cousidered i e s ndy cover anpe o forested arcas:

naritime pine plantations of the Landes foreat, couth of Bordeasus. in southwestern France (1.6

deprees Not 0 degree West) , west

“lolloby Hine planiations ol e ke Ioversity Jore

of Durham., in North Caroling (36.0 degrees North, 09,0 Wel ) |21 natural horeal Torests of the

ost ol fairhanks, in Aladl

Bonanza Creek experimental forest, (G110 deprecs Nov by - AR82

Wes

Al and o mary Gropica rain fores s ol ho M - jonal Park. depar ment of
A | |

deprec

Madve de Dios, in sou h-east Ceru (2.0 degrees Southe 105 degpees West) [21-24]

The andes forest is the largent plantation fore st i rances selectec as a prototype ol

o e oine (Movas poastcr

manapcc fores  ccosystem. Foresd stands contain even-agce

Ai Pinaceae repularly lar edin we ] A clal of 31 stands have heen sampled in hat

(orest. wi1 total above ground hiomass ranginge 1o m? fo

e younpest forest stands,

rea also inchides many clear-cu s

up to b ke /m? for A6 year-old forest s ands. The

The Duke Tniversity Jorest contains even aged stands ol repalarly spaced lolloby prne trees
(Pinus facda () Pinaccae) yegrow ne on abandoned agricul wial fields, There are also many
alands that contain a mixture distribution of decidious and conilerous species. More than 10U

3

pages raneing hom 2 w00 years, and above

, it

stands have heen sinpled i e area




ground hiomass ranging from (). 1 to A9 %ke /i [? 3] Sinee some ol these stand s ave telitively
smallin s ize in the ATIRIS AR imapes, we limited the present anakvsis to 1 s enads with the
satme ahove range in biomass - containing cnough imace pixels to obtainreliaible measures of the
statistics of the SAR signal. Both the Landes and Dub o forests lay onrelatively ot tcorain, The
[orest hiomass values obtained from forestinventory and allomebic ecquations are not known
with bet ter tha i 10% accurac[3].

The Bonanza Creek experimental forest. BCY R, near Parhants, Alaska, is a U ER (Long,
Term Ieological Rescar ch) site vepresentative of the bhoreatloresis @1 imnterion Afaske, BCEE
is o noatural, undisturbed, boreal Torest, which includes seveyaldedduous and everp re entree
species in both Hoodplain and upland [Orests, Upl and forest iy pes onw ell drained, nutrient
rich, and sout h facing, slope s withno permaifrostpres ent include stands of Tighly productive
aspen ( Populas franu loides (Michs ) (Pinaccac)), poperbivcn ¢ Bolula popyrifcra (Marsh) (Be
tulacceac)y and white sproce ( Picca glaa ca (Mocenel 1 Voss ( Pinaccae)). Onnorth facing slopes
andpoorly drain ¢@ avcas, blackspraee (Pacea 777(7 o (hill, ) 1 Pinaceac))forests dominate
o1 perinalrost soils with low wutvient availabhility. Floodplain fore tx contain productive stands
of halsame poplan (Populus balsamifora (1)) wnd white spruee forming on river alluvinm and
permaliost lreesoils. Youn g successional stages are doninated by afder (Alnas erispa (AitL)
Purshy and willow shivubs (Salio spp.y. Older | poor ly drained teraces are underlain by per-
malrostand contain sphagnuim bogs and tamarack (1 arix faicinoides) mixed with stow growing,
black spruce. Total above ground hiomass vanges lom 0416022 10, 7i0; inthe 2Harest steads
t hat were inventoried (4], Forest hiomass varies significantly wit hine cach stard. The standard
deviation i forest hiomass frorn one plot 10 the nextis 31% of the noaca nostand  iomass on
average. Allometric equations are also nof very accur ate. As aroaulis, the accu a oy ol om
forest biomass estimates probably is not hetter tha o 20%.

The NMano National Park. 17111, islocatedatthe remote westernedge of the Aiazon basin,

Hocomtalns pristine, fropical rain lorest typew ith a suriking diversity ol tropical tree species.




The penerally humid climate is intertnpted by a diy season iu July Aupost. Ploodplain succes

sion and climax forests ocour on nuttient rich alluvia! soils along, the Rio Manu, and mature
forests on more dry and leached soils on the adjacent hills. Since o biomass inventory was not
available for any forest in this avea, a pround team characterized the major forest types and
approximate spatial distribution ol vesctation alonp the accessible ayeas of the Tower Manu
tiver i September 1993, Seventeen 10 m radius plots with representative vepetation types
were measured Jor average tree and canopy height, canopy closure. tree density and understory
composition. The above ground hiomass for all forest types was ectimnated by applyiog allomet-
rie cquations [9] derived from pristine Soutle Asian Torests [20]0 Pstimation of individual tree
height from measured diameter breast height resulted in o shght nnderestimation of actual tree
dimensions. For Ceeropia wmcmbranacea (Moracae) stands, few eatimates of forest volume were
available [rom previous studies in the lower Madre de Dios avea [21] and Panama [26] and thei
results ave consistent with our estimations, Reported forest volumes were converted to woody
hiomass by using a wood density of 0.5 to account for the relative Tight wood of this species
compared 1o the reported averase value of 0,62 or 1.69 for tropical woods [11]. Aboveground
dry hiomass of carly forest succession like mature Tossario tnlcgrifolia (Asteraccac) and Giyoer-
i sagillatum (Poaceac) 10 m in heipht was estimated to be 4 Le /s In Guuerivne Ceeropia
mcmbranacca forest, 17 m in height, woody biomass is 4.3 ke /in?. On abandoned Tigh viver
channels with an annually varying water table, paln swamps (Agunajales) may develop. The
dominating species in the open canopy is the palwe Mawrilia [l vosa sy veflera which reaches
25 30 m heipht. The understory varies widely from open sand spots with xerophytic shrubs to
permanently flooded arcas with dense understory (30 m) of havana like Helicowia episcopalis
(Musaccae) spec. Above ground biomass in o permanently inundated Aguajal (max. 22 m
height) was estimated to be I3 ke/m?. 17 kp/m? in e mainly diy and open Aguajal (26 1n),
and 8 kg /m? ina typical Apuajal (28 m) with moist soil and o high palin density. Broadleaf

[ores types along the Rio Manu are evergreen to seri-deciduous with wide variations in canopy

(



stitc@irs, o the loodplain, \\ "¢ caleulatedforamosaic fovest (>270 m) ou rich alluvial soil a
hioma ss of 31ke /m?. On adjorcent hills, forests vary from tall stands with closed canopies to
open semi-deciduous stands, We calcolad ed 28 kp /in? for a semi deciduous upleind forest (30 m)
and 16 kg /in? for atallforest (10 my with €1( 1) '@ overstory. Forthese two stands the estimated
fealarcaindex ((.n\\ii5 very sinilar, atdthe apparentlargce diflercuce of helow catiopy hionass
tmay he a resolt of differentwat eravid putrient availability Tor tree prowth, Total above ground
biomass of a tall(>H0m), old g rown lloodplain forestat Cocha Casihiu, Rio Mano, was estimated
tohe 104 kg / m?. This value probably represents the highest above pround biomass accumula
tion found in this arca due to the larpe size of individoal trees 1eaching emergentiree heights of
53 m, with diameter at breast height (dhh) ol 3 1m0, and a closed canopy of dominant trees with
dbh botween 009 and 241 [27]. The es timat ed biomass values fonmature old grown floadplain
cleanly EXCeCQ therepor1 €@ averape value ol 67 ii{\/312 forhighdouse tropical forests of the
egen cerally  psoilsowlcwya ran (10 mthe Brazilianlorests {11 However | in general, even
higher forest volumes are possible and have eenvepeatedly reported for tempe vate coastal rain
forests in higher latitudes 2 sicethetinpressive mature loodplain forests cover relatively
smallarcas, the average above g rounid hiomass weiglied by the s ca covered by cach species is
howeverexpectedtobe 111011 lower, RO por ted averave potential hiomass vatues for forest arcas
without human impact in tropical Asic vare 45 51 Lg/m? lor moistloy vl and, 3515 kg /i ? for
lowland scasonal and 24 kg /1n? lor dry scaronal types [29].

3. Predicied versus act nal biomass in temn perate and b oreal forests

Lo the Torest sites from Alaskar, Duke and Landes, we extriacted the radar response of 11 (7
forest from polygon al arca s where ground tru th inlorination hadbeen ¢@11 CCC@ 0-1. Radar
hackscatterwas [11¢ 1 plottedasa function of hiomass and regression € urves were deri ved to
predict biomass from the radar. The regression v ves are s ccond ord ¢ polynouidals inradar
backscat  ter,  aclating the natur al logarithn ol the biomass. Log(13), 10 o} in dBLortoa

vectar comtaining oy, oy and o all expressed in dBL Similan regt ession s were derived to



relate hionmass to 64y, (right-circular received and Cransmitted), orto a vector containing 0y,

(right-circulay received and left-cireular transmit ted) and o}y, Predicted biomass levels from
the radar data were thGan compared to actual hiomass 1Cvels, A error was compu ted as the
averag ¢ absoltedifleren ce hotvvecn predicted and actual biomass, expressed in percent ol actual
biomass. T'his error ncasures the degree of spread between the points used in the regression
ana ysis and the points obtained from a bCstfitof the data (U Table 1), We find this inca sure
more representative of the degree of confidence that can be placed in the radar estimates of
biomass than, for instance, the cocllicient of determination. 12, which is usually greater than
90 Y% (Table 1y.

For the Landes forest the average absol yie ervorin biomass is abGut 1% at both lincar aud
¢iremin polavization. Results obtained with 11 1=, 1V and VV-polarization combined are only
slightly botter than those obtained using -polarviziition alone.

For the Duke University Forest, e erron rates are higher than those ghtained for the 1 ydes
forest. This result was ex pected because the stands are less homogen cous, not always dominated
by a  single  {ree spandof nimchidhigh o biomacs, Linear and civenl ar polarviza tions yield
similarpredicted biomass love Is, except lor two stands of low bionasswhere cirenlar-polarized
signals overestimate the woody hiomass, In those two stands, the polarimetric pha se diflerence
(or phase diflerence between 1HH- ane VV polarization) is 317 grcater than that 1¢-Corded ju
neighboring stands of similar hiomass, ana oy, is several dB Lavper. We helieve these two
stanid s are more open and more spars ¢ than the neighboring stan ds. As w e shall see later on,
this situation favors sk oround scattering interactions, which yield Yarge polarimetric pha e
diflerences, inerea se 05y, and yield to an overestimation of orest hiomass,

For BOEE, ¢rror rates for the July 1093 data are about 20 to 30 Yool the aetual values, again
higher tha i that for the Lat ides forest. 1 was expected that in natural forests the ret rieval
ol forest biomass would be more diflicult hecause he spoit fal variability in tree hCipht, age,

densi Ly, diamcter and species is maore Prononneed within cach stand, Using, severalpolarizations




topether, instead ol iudependently inmproves theresultasignificautly, We subsequently examined
the stands with the lavgest errors at circular polarization, The hiomass Ievel of ald erstands
in 1993 is alw ays overestimated, even at linear polatizations. Howe ver these aldor stands had
ben severely damaged in 199 2 and all trees were cithier bro ken oy 1ying on the grou nd. In two
neaxea standgofwhite spruce and bidsan poplatrees. forest hiom: g wasalso overestimated al
circular pola rization. Thiese two stanids were characterized by a polarimetric pha se difference
of about 70 to 917 at P-bhand, signiflicantly Tavger thion thatobserved in oth er forest stand s 01
similar biomass. We vigited one of these stands in 1991 and found that balsam poplar trees
weere rol ten, with very wet tree 1runks. Strong double ot mee interactions between the soaked
tr ce trunk s and the ground layers probably explain the large polavimetric phase differences
recorded in t hose stands,

The ervor in predicted biomass is very lape at circular pol ariz ation on May 3, 1991, when
the Toodplain lorests were floaded (Table 1), The eror is lower on May 6, once the forest is no
lougerroo( 11" Between May 3, 1991 and July 21, 1993, the polarimetiic phase di flevence of
mature white spruce and halsam poplaystand s in the floodplains docrcased from about 1007 on
average 10 anaverage 01 abouth1v, A s weshall see next, i pe polariinetric phase differences
(2111 s byenhancedtrunk-groundscattering yieldlargevaluesoltheradar backscatterin RR-
polarization, which generally results i an overestimation of forest biomass,

FFor azim uthall y symmectrice, natural, disteibuted targets. which is the ca se of most forests,
we may assume that the comporients of Che scatterine noatrix Sy and Sy aswellas Sy and
Sy are vncorrelated, and Sy Sy [30] Phe average cross products at cive nlar polarization

arce thon simplifi ed as

_< ‘S'.'IHS;/]/ > N Svy ,S'\’,\, >
4 4
< SunSiy > <SSy >

< SpiSi > y ! ) A S Sy e 0BRA(< Sy Sty >) (2)

< .S'];]/H;”/ > 1 0.5RA(< SiunbSey >y (1)

I3 0 =807 and Sypppand Syyvare die iy correlat ¢@ andncanly equal imnagnitude, \\ ¢
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have < _w_:?%w__\\ =~ (), and < _Qrf:fﬂ;_. > <l ‘C::.w‘:: > < Sy w:\ >. With Sy an
Syy not necessarily highly correlated and cqual in magnitude, Vg, -2) stil indicates that
a$y,, will be small and o34, will be Targe when the polarimetric phase diflerence is close 1o 180°.

In the hree test sites thal we studied, arge values of afy, usually resul ¢d in an overestima ion

o, oy

Cbiomass. ' his was  ypically he case of flooded forest, wet or damaged  rees. aad

sparse and tall forest, where trunk-ground scattering is often

-~

strong, contributor to total
radar backsca er. Clearly, these restrictions on he type of forest tha could he monitored at
circular polarization are very strong, and we may conclude that the use of circular polarization
for monitoring forest hiomass fron space is of linited value

4. Biomass mapping in ropical rain forests

Pipure la shows a false color composite image of Tie Tower Rio Manu and Rio Pingu na in
Peru acquired at P-band on June 7, 1993 by the NASA/JPL AIRSAR instrumcent. In this color

representation, ved corresponds o double-hounce

scattering, green to difluse scattering and
blue to single bounce scattering. The intensity of cach color is proportional to the contribution
of cach one of he above mentioned simple forn of sca _er ng, Lo tota radar backscat ey, This
image is ob ained from a Cloude decomposition of the polarimetric signa ure of the imaged
surface using the algori nn deseribed in 3 s mathematica decomposition of hesca  cing
matrix provides a description of the type of interaction of the raday signals with the forest

canopy and facilita cs data analysis. Most major vegeta jon ypes Fig. 2) ave sepa ated in his

cattering mochanism map. Palm forests with an open canopy appear red at the center left of
the scene, indical ng a scattering dominance from double-hounce interactions. Tall floodplain
forests (conter and upper part) appear yellow, a combination ol double-hounce scattering and
volume sca cring. Surrounding, hem, Jarge and dense mosaic forest canoples appear green
or red-dotted, indicating scat cring dom nance from the wanches and occasionally double
younce reflections. Adjacent to the fiver, carly successional stages of short Tessaria lorests

appear green-brown, herehy dominated by branch volume sca eting bu  with weak radar
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cchaoes, consistent with their low biomass. Tall ¢y Gynerium lorests i 1 dark green and a zone
of Ceeropia forestin lighter green a re furtheraway frorn 1 heriver, Transition to taller mosaic
forest s, charvact erized by Ficus insipida (Mo acac) a nd Cedrcla odo yata (Mc liaccac ), appear
light g reen-red dot ted. 1" here, the zonation of the previous phases is diminishing and the color
scparation is more dilluse. In the top portion of thie seene, the upland and hill forests hetween
the Rio Manu and the Andes appear to have a higher component ol tall deciduous trees (colored
green-yellow) than the floodplain forests (colored green ') hetween the lower Rio Ma nu and the
hill arca at the bottom of the scene. This eflectmay howeverhe (Citnis (1 by diflerences in
incidence atigle of the radar iNumination changing, from about 30 16, H5¢, Tn the hill area to the
bottom 1 the sceie, regular hills of 30-50 m clevation yield a pronounced textu ral modulation
of the SAR sig nal,

Incontrast, the 1,- and C-bhand Cloude decompaositions (Mg, Ib and 1) show much less
separability in scattering behavior botween major vegetation types. This result may be at -
tributedto the larger penctration of P-bandsignals whichare able to interact with silly Citliol)y
struct 1Ires. T'he higher frequency signals are limited to interactions in the upper canopy of the
forests, where distinctions hetween major vegetation types are less appareut. The blue tone of
the C-b and decomposition i strates that C-b andiadar returng contain a mixture of volume
scattering from the upper branches and single bounce reflections 111111 the 10]) of thecanopy.
A's thelrequency is reduced, the color tone of the Torest becomes more yellow, indicating an
increasing signiflicance of trunk-ground scattering,.

The vegetation types of the Manu arca (Pig. ?2) containa wide range of forest volume.
We developed an empirical relationship between forest biomass and radar backscat ter for this
area lOgenerate amap of forest hiomass. Al the low biomass Jevels (< 10 kg/in?), we used
the regression curve which was  developed for Alaskan forests and which utilized the P-band
HH-, V-, and VV-polarized data gathered during, the dry scason (Table 1) At the higher

biomass levels, the regression curve correctly separvated the dilterent ol asses of hiomass, but



underestimated forest biomass quite sig nificantly. We modified the regression to inerea se the
predicted biomass levels O large vadar backscatter values and obtain a hetter aprecment with
our g round estimates.

Arcas where the forest hiomass predicted from the 1 ad ar exceeds 30 kg/m? (dark green)
correspond to the mature {floodplain forests (colored yellow in Iig. la), and where woody
hiomass is indeed expected to be the Jargest (Pig. <2). T'he forest floor in the imaged broadleaf
forests was dry at the time of the AFRSAR overflight (the dry scason ¢ nds in September),
so the enlianced radar signature of these stands at HH -polarization is not caus ed by wetl ey
groundlayers butmore likely by tall tree trunks of Iarge diameter, Forest biontass is lower jn
palti forests (green), which are surro unded by broadlea [forests of higher biomass (dark green).
Old mCanders, sealed ofl by freshly deposited sediment and showing as oxbow Jakes (C ochas)
withopenwateraremapped as areas of no biomass (black). Low hiomass (brown) is estimated
along the terminiol Coclias, having ancarly succession of sedges, prasses and sill'll)s (especially
Annona tessmadt (Anmonacea ¢) ), which are occasi onally intercnt by a tall stand of Heliconia
episcopalis (Musaceae) withslightly largser bioma ss (oxbow at center right of the scene, green).
- the expanding moander loop, in the center left ol the image. that points down Lo wards the
lower b order ol the river, thecarlysuccessionol ripavian vegetation is well discriwitated in
the biomass map. Forest succession starts 11 om the beach with short, even-aged stands of fast-

growing Tessaria shrabs, followed by Gynerium stands (6 1 in height) with higher biomass

(dark brown). Adjacent are older successional stages of Tessaria- Gyneriun e (10-12 1 i height')
(light brown), and pure Gynerivm (yellow). Continuing inland, towards the top of the scene,
are deciduousicafless trees species mixed with Cecropio (10 26 ) above a Hm-tallundorstory
of Gyncriume. This Torest appears blue green in Fig. 1d, and corresponds to a higher hiomass
fevel. A mosaic of semi-de ciduous floodplain forest (30-35 m) with higher predicted biomass
follow s. This type of clearly zoued and highly productive riparian forest suceession, where cach

stage reaches a greater absolute hoight thian the previous one, is chiava cteristic of this arca and
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ca n be identified at many locations along the viver in Vig. 1¢1. Vorinstance, to the right of
the previous meande vy Gynerivim and scattered Tessaria (1012 1y onthe (11)1 »er bank, and
Gynerivin (5 m) with sca 1 ered leafless trees (25 m) onthe lower bankare otor ¢ lightbrown
and yellow as they indeed correspond to interinediate ranges of Tow biomass Of about 4 kg/m?.
The extensive stands of Ceeropia forest next Lo these correctly appear as arcas o [ int ermediate
biomass (yellow).

L the hill-areas at the bottom of Pig. 1(1, the spatial variability in radar backscatter is
control led by surface topography and forest biomass is not correctly represe nted. There, a
digital clevation model of the terrain is needed to correct the data from topogra phy-ind uced
calibration errors, and 1o retrieve forest biomass as a Tunction of the incidence angle.

5. Conclusions

A comparison of radar-derived cstimates of forest hiomass with estimates obtained {rom
forest inventory and allometric equations in three test sites of temperate and boreal forests
shows that the average absolute error in predict ed biomass is about 10 1o 30 % ol the actual
biomass, depending onthe complexityof the forest. These error rates, obtained using lincarly
polarized signals, increase significantty w -hon cireu L polarized signal s are used. Combining
-, BV and VV-polarizations also provides better estimates ol forest biomass than using 1V-
polarization alone. ‘T'he inversion technique used heve is relatively straightforward. 1t is based
on a lincar regression that jignores structural differences between tree species and is optimized for
forested arcas image al about 452 incidence angle. Phercare alsolarge uncortainties associated
with ground measurcments 0{ forest hiomass in nat nral ccosystems, 1t is expected that these
estimates could be improved significantly by including incidence angle effects, dependence on
tr ce species, inundation and soil property infor mation, aud swiface topograpliy. 111 tropical
forests, the example of the Manu forest illustrates that longer wavelength imaging radars can
become very uselul for mappiug forest types in tropicalarcas, whiere substant ial hodow-canopy

biomass differen ces cannot be derived from the top forest canopy properties, and remote sensors
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operating al optic al wavelenigthis are impeded by a persistent cloud cover. Tmaging radars also
perform botter than exp ected as tools for estimating woody biomass in tropical forests. The
worldwide need for Jarge scale, updated hiomass estimates, achieved with a uniformly applied
method, justifies amore in-depth exploration of fong waveleng Uy imaging rada rappli cations for
tropical lores ts inventories.
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Table 1 Iirror rates of predicted biomass [rom the radar at (1i fler ent polarizations for three
diflerent forest sites. The regression curve forthe calibrated data acquired over BCE 011 July
21,1993 is: Log(13) = 4.7610 4 0.3585 o,y 4 0.00613 o9, 01467 0,,,-0.0269 oy?, -0.0292
oy -0.0003 0 ‘\‘z‘,, where I3 is expressed in kg /m? and the rad ar backscatter values 0% are ex
pressed in dB. LinPol. means lincar

polarization. Cir.Pol. mcans civcular polarization. R? is

the R-squared coellicient of the reg, ression, indicat ed in parenthesis

Forest Site (3()1111)i1|a‘1,i()‘1ﬂr Yorror Linear | Brror Circulanr | Polarization
(Date Aeq) | 101 % (R?) 1*’{»1’ G (R?)

Landes, TR L, 1V, VV [12.(0.99) | 11 (0.99) RI. KRR
(08-16- Q(T)*' NTAU— 3(0.99) 2 (0.99) RR
Duke, NC* {111, 1]V, v\ 20(0 92) ’;(, (0.89) RL, RR
(0902 8O y==m=br= 0V [33(090) |46 (0. s3- RR
BCRF=AK [T, IIA vv[ 28 (0.95)  |'107 (0.87) R1., RR
(05 (H‘)I) SV T T Ab (0.85K5) | 131 (0.78) RR
BCEVF, AK Tl’if]Tv‘,,"vv 21 (0.97) | 52 (0.88) R1, RR
(05-06- <n) Y 29 (0.90) | 109 (0.79) RR
BORY, AK | 1L 1V, VV |19 (0.99) 27 (0. 97) R, RR
O7-21-93) |1V [ 31091y | 88(0.09) RR

Figure 1.
I'orest,

False color composites of a 10 ki x 10 Jan radar jinage of the Manu National Park
in south-castern Peru. ATRSAR is flying from left to right, illuminating the surface
from the top. Spatial resolution is about 15111011 the ground. (21), (b) and (¢) are the results of
a Cloude decom position of pola rimetric scattering at (a) P-band, (b)L-band and (c) C-b and.
Single-bounce scattering is colored blue, double-bounce scattering is colored red; and difluse
scattering is colored green. Coloy brightness is proportional to the intensity of the radar echoes
in cach onc of the three canonic scattering modes. The Rio Manu (flowing from left to right)
and Rio Pinquina (entering Rio Matu from the top) appear as dark features. (d) is a map of
forest biomass between () and greater than 30 kg /m? for thatsamie arca and obtained using a
multilinear regression b etween radar backscatt er and forest biomass.

Iigure 2. Major vegetation types of the Rio Manu Area. Torestsuccessionon alluvial flood-
plains is initiated by distu rban ce due {o flooding in the rain scason (Octoher to March). Rapid
growing stands of Gync rivin and Tessaria are even tually replaced by Ceeropia. Abhandoned high
i ver beds may turninto palm dominated arcas (Ag ujales) with sca sOnally varying degree of
standing waters. On undisturbed arcas, a mosaic forest develops which will eventu ally he:come
a mature floodplainforest after al 00 10 200 years. 011 adjacenthills, the forestis undisturbed,
but lower nutrient availability aud temporal soil drought cau se the development of a shorter

forest with scasonal deciduousness. (Drawings: R. Zimmermanu)
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